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Abstract—The linear modulation problem of modular multi-
level converter (MMC) is considerably complicated by capacitor
voltage ripples (CVRs) and circulating current suppression con-
trol (CCSC). This article examines the linear modulation range
of MMC and its influence on parameter design and operating
characteristics, taking into account the CVR effect and CCSC.
The deviation between the actual voltage output and the reference
is revealed and analyzed, and the analytical expression of this
deviation is determined. The effects of CCSC on linear modulation
are also revealed. Based on the article, a set of equations are
proposed to determine the exact reference wave while accounting
for the CVR effect and CCSC and precisely assess linear modu-
lation. Subsequently, the linear modulation range of MMC, which
is defined as the maximum selectable valve-side voltage that can
satisfy whole operating region linear modulation in this article,
can be exactly determined. Furthermore, how the CVR effect and
CCSC influence the linear modulation range, parameter design,
and operating characteristics are analyzed using case studies. The
proposed theory and method are also verified through simulation
and experimental results.

Index Terms—Capacitor voltage ripples (CVRs), circulating
current suppression control (CCSC), energy storage requirement,
linear modulating range, modular multilevel converter (MMC).

I. INTRODUCTION

MODULAR multilevel converters (MMCs) are regarded
as a promising technology that offers major advantages,

such as ease of implementation of a high number of levels,
excellent harmonic performance, and low loss [1], [2], [3].
This technology has become the most competitive solution
for the voltage-source converter (VSC)-based high-voltage di-
rect current transmission system [4], [5], [6]. Similar to con-
ventional pulsewidth modulation (PWM)-based converters, the

Manuscript received 19 October 2022; revised 9 January 2023; accepted 11
February 2023. Date of publication 21 February 2023; date of current version
20 April 2023. This work was supported in part by the National Key R&D
Program of China under Grant 2022YFB2405300, and in part by the National
Natural Science Foundation of China under Grant 51977119. Recommended
for publication by Associate Editor A. Yazdani. (Corresponding author: Qiang
Song.)

Jingwei Meng, Qiang Song, Qianhao Sun, Biao Zhao, Zhanqing Yu, and
Rong Zeng are with the Department of Electrical Engineering, Tsinghua Uni-
versity, Beijing 100084, China (e-mail: mengjw19@mails.tsinghua.edu.cn;
songqiang@tsinghua.edu.cn; sxsunqianhao@163.com; zhao-biao@tsinghua.
edu.cn; yzq@tsinghua.edu.cn; zengrong@tsinghua.edu.cn).

Shukai Xu is with the Innovation Department of China Southern Power Grid,
Guanzhou 510000, China (e-mail: xusk@csg.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2023.3246501.

Digital Object Identifier 10.1109/TPEL.2023.3246501

linear modulation constraint determines the ac voltage output
capability of MMC for a given dc voltage and has a significant
influence on the parameter design and operating characteristics.
The methodology for determining the linear modulation range
of MMC is typically regarded as identical to that of conventional
converters. However, few existing studies have noticed that the
unique problems of MMC, such as capacitor voltage ripples
(CVRs) and circulating current suppression control (CCSC),
complicate the linear modulation problem.

Significant power fluctuation exists in each arm of the MMC.
Power fluctuations cause the variation of energy stored in each
arm, resulting in CVRs in each submodule (SM) [7], [8]. The
additional voltage stress on the devices in SMs is the most direct
result of the CVRs. To limit the capacitor voltage peak within an
acceptable level, the SM capacitance should be designed large
enough, resulting in the capacitor accounting for a considerable
proportion in the cost and volume of an SM [9]. Many research
efforts have focused on reducing the SM capacitance through
decreasing the energy variation in the arms to minimize the cost
and volume [10], [11], [12].

Circulating current can also be seen as a result of the CVRs.
The CVRs generate a second-harmonic ripple component in
the sum of the voltages of the upper and lower arms, resulting
in the well-known second-harmonic circulating current flow-
ing among the three-phase arms. The CCSC schemes that can
suppress the second-harmonic circulating current to zero have
been extensively studied [13], [14]. Some research efforts have
focused on minimizing the energy variation and CVRs by in-
jecting the appropriate circulating current [15], [16].

However, the effects of CVRs on other aspects of charac-
teristics, particularly on the ac voltage output capability of
MMC, have yet to be well explored. The ac voltage output for
the conventional two-level and three-level VSCs is converted
from the common dc-link voltage that has minor low-frequency
ripple components. However, the ac voltage output of MMC is
intrinsically generated by the differential voltages of the upper
and lower arm voltages, instead of directly being converted
from the common dc-link voltage. Given that the CVRs have
a considerable influence on the voltages across the arms, they
will inevitably affect the ac voltage output. Yang et al. [17]
and Ma et al. [18] considered the impact of the CVRs on
the dynamic behavior of MMC in electromagnetic transient
model, but the steady-state analysis of the influence of CVRs
on the linear modulation range is not involved. Oates [19]
proposed an optimization process for defining the values of the
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principle parameters, such as the ac voltage, phase reactance,
SM capacitor voltage, etc., for given performance. However,
the detailed mechanism of the impact of the CVRs on ac-side
voltage capability and linear modulation range is not concerned
in [19]. Liu et al. [20] reported that the CVRs affect the dc
component of the SM capacitor voltage, but the further influence
on the ac-side voltage output is not considered. Song et al. [21]
reported that the CVRs can improve the ac voltage capability
under capacitive reactive power conditions when using indirect
modulation, but how the CVRs influence the linear modulation
range cannot be exactly determined because it is only limited to
qualitative analysis. Furthermore, the direct modulation, which
is widely used in the existing papers and projects [22], has not
been examined.

It is commonly believed that CCSC can decrease the arm
current, the loss, and the required SM capacitance because
the second-harmonic circulating component is eliminated from
the arm current. However, this conclusion is obtained on the
premise that the selectable valve-side ac voltage is not affected
by the CCSC. If the ac voltage output capability can be affected
by the CCSC, then the selectable valve-side ac voltages will be
different whether the CCSC is activated or not. Consequently,
the rated fundamental-frequency ac current will also be different
when the CCSC is activated or not. Few existing articles have
noticed the correlation between the CCSC and the ac voltage
output capability. Thus, the evaluation of the effect of the CSCC
on the parameter design and operating characteristics remains
imprecise.

The linear modulation range of MMC and its effect on the
parameter design and operating characteristics are reconsidered
in this article, taking into account the CVR effect and CCSC.
The rest of this article is organized as follows. Section II briefly
describes the complexity of the linear modulation problem of
MMC caused by CVR effect and CCSC. Section III reveals and
analyzes the deviation between the actual voltage output and
the reference and determines the analytical expression of this
deviation. The effects of CCSC on the linear modulation are
also presented in this section. Then, based on the analysis, a set
of equations are proposed to obtain the exact reference while
accounting for the CVR effect and CCSC, providing a method
to precisely assess linear modulation. In Section IV, the linear
modulation range of MMC is defined by the maximum selectable
valve-side voltage that can satisfy whole operating region linear
modulation (WOR-LM). Furthermore, how the CVR effect and
CCSC influence the linear modulation range, parameter design,
and operating characteristics are analyzed using case studies.
Section V presents the simulation and experiment results. Fi-
nally, Section VI discusses the conclusions.

II. LINEAR MODULATION PROBLEM OF MMC

A. Required AC Voltage Output for a Given Operating Point

Fig. 1(a) shows the single-line diagram of an MMC, each
arm of which consists of N series-connected SMs and an arm
inductor. The dc-side of the MMC is connected to the dc lines
with a rated voltage of UdcN. The ac-side of the MMC is con-
nected to the ac grid via an interface transformer. The required

Fig. 1. Diagram of the MMC connected to an ac grid. (a) Single-line diagram
of an MMC. (b) Equivalent circuit and the controller diagram.

amplitude of the ac voltage output should not exceed the ac
voltage capability determined by linear modulation constraint
for any possible operating point.

From the standpoint of the ac-side output, as illustrated in
Fig. 1(b), the MMC is equivalent to being connected to an equiv-
alent ac voltage source UvN via an equivalent interface reactance
Xeq, where UvN is the rated valve-side voltage of the interface
transformer and Xeq is determined by the leakage inductance
of the interface transformer XT and the arm inductance Xarm of
the MMC. The active and reactive power are controlled through
the fundamental-frequency ac voltage output Uconv1�δconv1 of
the MMC, which is equal to the sum of UvN and the voltage
drop across the equivalent inductance Xeq. When the MMC
outputs a fundamental-frequency ac current Iac�-ϕ, the required
fundamental-frequency ac voltage output Uconv1 and δconv1 can
be expressed as follows:

Uconv1 =

√
(UvN +XeqIac sinϕ)

2 + (XeqIac cosϕ)
2 (1)

δconv1 = arctan
XeqIac cosϕ

UvN +XeqIac sinϕ
. (2)

In (1), the required amplitude of the ac voltage output Uconv1

is determined by the vale-side ac voltage UvN, ac current output
Iac�-ϕ, and inductance Xeq. For a given dc voltage, the ampli-
tude of the ac voltage output is typically represented using the
amplitude modulation index of the converter, which is defined
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as the ratio of the amplitude of the line-to-ground ac voltage to
half of the converter dc voltage

Mconv1 =

√
2Uconv1

UdcN/2

= U ∗
vN

√(
1 +X∗

eqI
∗
ac sinϕ

)2
+
(
X∗

eqI
∗
ac cosϕ

)2
(3)

where U ∗
vN is the per-unit valve-side voltage normalized by

UdcN/2, I∗ac is the per-unit ac current output, and X∗
eq is the

per-unit equivalent interface reactance.
The linear modulation constraint determines the ac voltage

output capability for a given dc voltage. The linear modulation
condition is conventionally considered as Mconv1≤1.0 in case of
no third-harmonic injection. However, the CVRs and the CCSC
greatly complicate the linear modulation problem of MMC.

B. Complexity of the Linear Modulation Problem of MMC

Linear modulation is intrinsically determined by the magni-
tude ratio of the reference wave to the carrier wave. In particular,
the linear modulation condition for the half-bridge SM based-
MMC (HB-MMC) is that the insertion index for each arm is in
the range of 0–N. Fig. 1(b) shows the general block diagram of
the control system of MMCs, which mainly includes the outer-
loop power controller, the inner-loop current controller, and the
PWM. The outer-loop controller generates the d- and q-axis
reference current. Then, the inner-loop current control generates
the fundamental-frequency reference voltage Uref1�δref1. The
CCSC is optional and outputs the second-harmonic reference
voltage Uref2�δref2 for suppressing the second-harmonic circu-
lating current. The reference voltages of the upper and lower
arms for determining insertion indexes can be expressed as
follows:⎧⎪⎪⎪⎨

⎪⎪⎪⎩

uref_ap(t) =
UdcN
2 −

√
2Uref1

2 sin(ωt+ δref1)

+
√
2Uref2

2 sin(2ωt+ δref2)

uref_an(t) =
UdcN
2 +

√
2Uref1

2 sin(ωt+ δref1)

+
√
2Uref2

2 sin(2ωt+ δref2).

(4)

The nearest level modulation is the most widely used modu-
lation scheme for MMCs. In existing studies and applications,
the SM capacitor voltage is mainly regarded as its rated value
when determining the number of inserted SMs in an arm [7],
and it is expressed as follows:

UcapN =
UdcN

N
. (5)

Then, the insertion indexes for the upper and lower arm SMs
are calculated as follows:⎧⎪⎪⎪⎨
⎪⎪⎪⎩

nap(t) =
uref_ap(t)

UcapN

= N
[
1
2 − Mref1

2 sin(ωt+ δref1) +
Mref2

2 sin(2ωt+ δref2)
]

nan(t) =
uref_an(t)

UcapN

= N
[
1
2 + Mref1

2 sin(ωt+ δref1) +
Mref2

2 sin(2ωt+ δref2)
]

(6)

where Mref1 and Mref2 are the magnitude ratios of the
fundamental-frequency and second-harmonic reference waves,

respectively, and they are expressed as follows:

Mref1 =

√
2Uref1

UdcN/2
(7)

Mref2 =

√
2Uref2

UdcN/2
. (8)

The ranges of values of Mref1 and Mref2 are restrained by
linear modulation constraint. The criterion for judging the linear
modulation for an HB-MMC is that the insertion index for the
arm is in the range of 0–N, which can be expressed as follows:

0 ≤ nap,n ≤ N. (9)

Considering the symmetry of the insertion indexes of the
upper and lower arms shown in (6), linear modulation can be
assessed by using the reference wave function defined as follows:

fref(t)=
1

2
+

Mref1

2
sin(ωt+ δref1) +

Mref2

2
sin(2ωt+ δref2).

(10)
Then, the linear modulation of an HB-MMC can be converted

to the following constraint:

0 ≤ fref(t) ≤ 1. (11)

The peak and valley values of the reference wave function in
a fundamental-frequency period are denoted as fpeak and fvalley,
respectively, and expressed as follows:{

fpeak = max (fref(t))
fvalley = min (fref(t))

0 ≤ t ≤ T1 (12)

where T1 is the fundamental-frequency period. The linear mod-
ulation constraint can also be expressed as follows:

fpeak ≤ 1 and fvalley ≥ 0. (13)

In (13), the upper and lower boundary constraints should be
satisfied. To quantitatively evaluate the margin to the boundary
constraints, the linear modulation margin Δfmargin is defined as
the minimum of the upper and lower margins as follows:

Δfmargin = min [(fvalley − 0) , (1.0− fpeak)] . (14)

The linear modulation for a certain operating point is sat-
isfied if Δfmargin is greater than zero. The lower the value of
Δfmargin, the closer the MMC to the boundary condition of
overmodulation.

Although (10)–(14) provide the expressions for assessing
linear modulation, the manner by which to determine the exact
values of Mref1, δref1, Mref2, and δref2 is still a problem, which
is reflected in the following aspects:

First, the fundamental-frequency reference Mref1�δref1 in the
PWM is conventionally considered to be equal to the required
ac voltage output Mconv1�δconv1. However, this article will
reveal that this conventional view is invalid for MMC due to
the existence of the CVRs and their effect on the ac voltage
output. Specifically, the exact fundamental-frequency reference
Mref1�δref1 cannot be directly obtained for a given operating
point by using the equivalent circuit shown in Fig. 1(b).

Second, the second-harmonic reference Mref2�δref2 is in-
jected when the CSCC is activated and influences the peak and
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valley values of the reference wave function, which is rarely
considered conventionally. According to the given operating
point, the values of Mref2�δref2 cannot be directly obtained
either.

III. IMPACT ANALYSIS OF CVRS AND CSCC ON THE AC
VOLTAGE OUTPUT AND REFERENCE WAVES

This section discusses how to obtain the exact reference wave
for a specific operating point while accounting for the CVR
effect and CCSC to precisely access linear modulation of MMC.

A. CVR Effect Deviation Between the Actual AC Voltage
Output and the Reference

1) Actual AC Voltage Output Considering the CVR Effect:
Few existing MMC analyses and design methodologies consider
the effects of CVRs when analyzing the fundamental-frequency
ac voltage output, and it is simply expressed as

uconv(ideal)(t) =
nan(t)UcapN − nap(t)UcapN

2

= Mref1
UdcN

2
sin(ωt+ δref1). (15)

Specifically, the per-unit ac voltage output is regarded as the
fundamental-frequency reference u∗

ref1

u∗
conv1(ideal)(t) = u∗

ref1(t) = Mref1 sin(ωt+ δref1). (16)

However, the existence of CVRs will deviate the actual ac
voltage from the reference, which is defined as the CVR effect in
this article. The CVR effect is reflected in two aspects. First, the
CVRs affect the voltage across the arm through PWM, resulting
in the generation of an additional ac component in the voltage
output. This condition is the main deviation of the actual ac
voltage from the reference. Second, the capacitor dc voltage does
not always operate at its ideal value UcapN due to the CVR effect.
Instead, the actual capacitor dc voltage must have a deviation
from the rated value UcapN to counteract the CVR effect on the
dc-side voltage, which has been reported in [20]. The deviation
of the capacitor dc voltage from the rated value is also a cause
of the deviation of the actual ac voltage output.

Instead of only accounting for the rated capacitor dc voltage,
the CVR effect in each arm should also be considered, and the
actual voltages across the upper and lower arms can be expressed
as follows:⎧⎪⎪⎨

⎪⎪⎩
uap(t) = nap(t)ucap_ap(t)
= nap(t)

(
UcapN +ΔŪcap +Δũcap_ap(t)

)
uan(t) = nap(t)ucap_an(t)
= nan(t)

(
UcapN +ΔŪcap +Δũcap_an(t)

) (17)

where Δũcap_ap and Δũcap_an denote the CVRs in the upper
and lower arms, respectively, and ΔŪcap denotes the deviation
component of the capacitor dc voltage relative to the rated value
UcapN. It has been verified in [20] that the deviations of the
capacitor dc voltage in the upper and lower arms are same.

The CVRs consist of multiple frequency components. When
only considering the main frequency components, the CVRs can

be expressed as follows:⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Δũcap_ap (t) = Δũcap_a(1) (t) + Δũcap_a(2) (t)

+Δũcap_a(3) (t)

Δũcap_an (t) = −Δũcap_a(1) (t) + Δũcap_a(2) (t)

−Δũcap_a(3) (t)

(18)

where Δũcap_a(1), Δũcap_a(2), and Δũcap_a(3) are the
fundamental-frequency, second-harmonic, and third-harmonic
components, respectively. According to the steady-state model
in [7], the detailed analytical expression of the CVRs are as
follows:

Δũcap_a(1) (t) =

√
2M2

ref1Iac

8ωCd
cos (ϕ+ δref1) cos (ωt+ δref1)

−
√
2Iac

4ωCd
cos (ωt− ϕ)−

√
2Mref1kcirIac

4ωCd
sin

× (ωt+ θcir − δref1)

+

√
2Mref2Iac

8ωCd
sin (ωt+ δref2 + ϕ) (19)

Δũcap_a(2) (t) = −
√
2Mref1Mref2Iac

16ωCd
cos(δref1 + ϕ) cos

× (2ωt+ δref2)

−
√
2kcirIac

4ωCd
cos (2ωt+ θcir) +

√
2Mref1Iac

16ωCd
sin

× (2ωt+ δref1 − ϕ) (20)

Δũcap_a(3) (t) = −
√
2Mref1kcirIac

12ωCd
sin (3ωt+ δref1 + θcir)

−
√
2Mref2Iac

24ωCd
sin (3ωt+ δref2 − ϕ) (21)

where Cd is the SM capacitance and kcir is the amplitude index
of the second-harmonic circulating current expressed as

kcir =
Icir

Iac
(22)

where Icir and θcir are the rms value and phase of the second-
harmonic circulating current, respectively. If the CCSC is inac-
tive (i.e., Mref2 = 0), then the circulating currents will exist in
the arms. The detailed expressions of Icir and θcir are presented
in Appendix. If the CCSC is applied, then the second-harmonic
circulating current will be zero (i.e., kcir = 0).

According to [20], the per-unit expression of the deviation of
the capacitor voltage from the rated value can be deduced based
on the CVR effect as follows:

ΔŪ ∗
cap = −4c1Mref1I

∗
ac sin (ϕ+ δref1)

− 4c1M
2
ref1kcirI

∗
ac cos (θcir − 2δref1)

+ c1Mref1Mref2I
∗
ac cos(ϕ+ δref2 − δref1). (23)

In contrast with the ideal expression shown in (15), the actual
ac voltage output taking into account the CVR effect should be
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expressed as follows:

uconv(t) =
uan(t)− uap(t)

2
= uconv(ideal)(t)

+
nan(t)Δũcap_an(t)− nap(t)Δũcap_ap(t)

2

+
nan(t)− nap(t)

2
ΔŪcap. (24)

The second and third items on the right-hand side of (24)
represent the ac voltage output components generated by the
ac ripple and dc deviation components in the capacitor voltage,
respectively. The main concern of this article is the fundamental-
frequency voltage output, which is the fundamental-frequency
component of (24). The next section will analyze in detail how
the fundamental-frequency ac voltage output deviates from the
ideal value due to the CVR effect.

2) Deviation Component Directly Caused by CVRs: First,
the second item on the right-hand side of (24) represents
the deviation component directly generated by CVRs. Items
nap(t)Δũcap_ap(t) and nan(t)Δũcap_an(t) contain fundamental-
frequency ac components. Using nap(t)Δũcap_ap(t) as an exam-
ple, the functions nap(t) and Δũcap_ap(t) contain fundamental-
frequency and second-harmonic ac components, respectively,
as illustrated in (6) and (20). Thus, their product must generate
a fundamental-frequency ac component, the per-unit value of
which is denoted using Δu∗

cvr_1.
The final expression of Δu∗

cvr_1 can be obtained by substi-
tuting (6) and (19)–(21) into the second item on the right-hand
side of (24) and then extracting the fundamental-frequency ac
component

Δu∗
cvr_1 (t) = c1I

∗
ac(8 +M2

ref1) sin(ϕ+ δref1) sin(ωt+ δref1)

+c1I
∗
ac(8− 3M2

ref1) cos(ϕ+ δref1) cos(ωt+ δref1)

+12c1Mref1kcirI
∗
ac sin (ωt+ θcir − δref1)

−c1M
2
ref1Mref2I

∗
ac cos(δref1 + ϕ) sin (ωt− δref1 + δref2)

−4c1M
2
ref2I

∗
ac

3
cos (ωt− ϕ) (25)

where c1 is a constant coefficient determined by the MMC
parameters, as illustrated in Appendix.

3) Deviation Component Caused by the DC Deviation of
the Capacitor Voltage: The third item on the right-hand side
of (24) represents the ac voltage component generated by the
dc deviation of the capacitor voltage. The per-unit value of
this deviation voltage in the ac voltage output is denoted using
Δu∗

cvr_2. The final expression of Δu∗
cvr_2 can be obtained by

substituting (6) and (23) into the third item on the right-hand side
of (24) and extracting the fundamental-frequency ac component

Δu∗
cvr_2(t) =− 4c1M

2
ref1I

∗
ac sin(ωt+ δref) sin (ϕ+ δref1)

− 4c1M
3
ref1kcirI

∗
ac sin(ωt+ δref) cos (θcir − 2δref1)

+ c1M
2
ref1Mref2I

∗
ac sin(ωt+ δref) cos(ϕ+ δref2 − δref1).

(26)

4) Actual AC Voltage Output Considering the CVR Effect
Deviations and an Example Analysis: The actual ac voltage

Fig. 2. Diagram of the waveforms of the reference and the actual output AC
voltages when the CCSC is inactive. (a) ϕ = -π. (b) ϕ = -π/2. (c) ϕ = 0.
(d) ϕ = π/2.

output in per-unit can be expressed as follows:

u∗
conv1(t) = u∗

ref1(t) + Δu∗
cvr_1(t)+Δu∗

cvr_2(t)︸ ︷︷ ︸
CVR effect deviation

(27)

where the total deviation of the ac voltage output from the
reference caused by the CVR effect can be expressed in per-unit
as follows:

Δu∗
cvr (t) = Δu∗

cvr_1(t)+Δu∗
cvr_2(t)

= c1I
∗
ac(8− 3M2

ref1) sin(ϕ+ δref1) sin(ωt+ δref1)︸ ︷︷ ︸
direct deviation

+ c1I
∗
ac(8− 3M2

ref1) cos(ϕ+ δref1) cos(ωt+ δref1)︸ ︷︷ ︸
quadrature deviation

+12c1Mref1kcirI
∗
ac sin (ωt+ θcir − δref1)

−4c1M
3
ref1kcirI

∗
ac cos(2δref1 − θcir) sin (ωt+ δref1)︸ ︷︷ ︸

related with second - harmonic circulating current

c1I
∗
acMref2

[
−4Mref2

3
+M2

ref1 sin (2δref1−δref2)

]
cos (ωt−ϕ)

︸ ︷︷ ︸
related with CCSC

.

(28)

As illustrated in (28), Δu∗
cvr mainly contains direct and

quadrature deviation components according to their phase re-
lationship with the ideal value. It also contains a deviation
component related with the second-harmonic component, and
the influence of which is relatively minor because index kcir
or Mref2 is relatively small. The amplitudes of the direct and
quadrature deviation components are mainly determined by
power factor angle ϕ and ac current I∗ac because the value of
δref1 is small.

Fig. 2 shows the waveforms of the reference and the actual ac
voltage output of an example MMC under several typical power
factor angles, whereas I∗ac is kept as 1.0 p.u. In this example,
the CCSC is inactive and Mref2 is simply set as zero. In Fig. 2,
the actual ac voltage output deviates from the reference because
of the CVR effect for all operating conditions. However, the
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influences of the CVR effect deviation on the linear modulation
vary with operating conditions.

When the MMC absorbs and outputs active power, as shown
in Fig. 2(a) and (c), the quadrature deviation component exerts
a significant effect on the voltage deviation, and the direct
deviation component is minor. In these cases, the CVR deviation
mainly causes a phase difference between the actual ac voltage
output and the reference. The linear modulation is almost un-
affected because the difference between the amplitudes of the
actual ac voltage and the reference is minor.

When the MMC absorbs and outputs reactive power, as shown
in Fig. 2(b) and (d), the direct deviation exerts a significant effect
on the voltage deviation and mainly causes an amplitude differ-
ence between the actual ac voltage output and the reference.
The effects on the amplitude under capacitive and inductive
operating conditions are opposite. In Fig. 2(d), the MMC outputs
an ac voltage with a higher amplitude than the reference when
the reactive power is capacitive. However, the amplitude of the
actual ac voltage is lower than the reference when the reactive
power is inductive, as illustrated in Fig. 2(b).

In summary, the CVR effect causes a deviation between the
amplitudes of the actual ac voltage output and the reference, af-
fecting linear modulation. This effect becomes stronger with the
increase in the power factor angle. Under capacitive operating
conditions, the amplitude of the reference is lower than that of
the ac voltage output, which is beneficial to linear modulation.
Moreover, the reverse applies under inductive operating con-
ditions. Overall, the CVR effect is advantageous in increasing
the linear modulation range of MMC. Because for the whole
operating region, the required higher ac voltage under capacitive
operating conditions is the key constraint to linear modulation.
In Fig. 2(d), the amplitude of ac voltage output can even exceed
1.0 due to the CVR effect deviation. But, the amplitude of the
reference wave is still lower than 1.0, and the linear modulation
condition is still satisfied.

B. Effect of CCSC on the Reference Wave and
Linear Modulation

If CCSC is applied, then the second-harmonic component
Mref2�δref2 will exist in the reference wave and affect the
linear modulation. The exact values of Mref2 and δref2 should
be obtained to obtain the exact reference wave. The objective of
CCSC is to suppress the second-harmonic circulating current to
zero. According to the method presented in [15], the required
amplitude and phase of the second-harmonic reference can be
solved by the following equations:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

6c1Mref1I
∗
ac cos (δref1 − ϕ)− 2c1M

3
ref1I

∗
ac cos

(ϕ+ δref1) cos 2δref1
+Mref2 cos δref2Ū

∗
cap − 2c1Mref1Mref2I

∗
ac

3 cos(δref1
+ϕ) sin δref2

− 4c1Mref1Mref2I
∗
ac

3 sin(δref1 + ϕ) cos δref2 = 0
6c1Mref1I

∗
ac sin (δref1 − ϕ)− 2c1M

3
ref1I

∗
ac cos

(ϕ+ δref1) sin 2δref1
+Mref2 sin δref2Ū

∗
cap +

2c1Mref1Mref2I
∗
ac

3 cos
(δref1 + ϕ) cos δref2

− 4c1Mref1Mref2I
∗
ac

3 sin(δref1 + ϕ) sin δref2 = 0.

(29)

Fig. 3. Diagram of the waveforms of the reference and the actual output AC
voltages when the CCSC is active. (a) ϕ = -π. (b) ϕ = -π/2. (c) ϕ = 0.
(d) ϕ = π/2.

When the CCSC is applied in the abovementioned exam-
ple MMC, Fig. 3 shows the waveforms of the fundamental-
frequency reference, the second-harmonic reference, and the
actual ac voltage output under several typical power factor
angles, whereas I∗ac is kept as 1.0 p.u.

Similar to the waveforms shown in Fig. 2, the deviation
between the actual ac voltage output and the reference wave can
still be observed for all operating conditions when the CCSC is
applied. Given that the second-harmonic reference of the upper
and lower arms are identical, they do not directly affect the
differential ac voltage output. Although the expression of the
CVR effect deviations shown in (28) contains the items of Mref2

and δref2, the effect of the second-harmonic reference on the
CVR effect deviation is minor because Mref2 is always small.

However, the second-harmonic component that is injected
into the reference wave directly affects the peak and valley
values of the reference wave function fref(t), resulting in a
significant influence on linear modulation. Fig. 3 also illustrates
the different effects under the various power factor angles.

When the MMC absorbs and outputs active power, as shown
in Fig. 3(a) and (c), the peak and valley of the fundamental-
frequency reference correspond with the zero point of the
second-harmonic reference. Accordingly, the second-harmonic
reference has a minor influence on the peak and valley values
fpeak and fvalley of the reference wave function and a minor in-
fluence on linear modulation. However, the situation is different
when the MMC outputs or absorbs reactive power.

At the rated capacitive reactive power point (ϕ = π/2), as
shown in Fig. 3(d), the peak and valley of the fundamental-
frequency reference correspond with the valley of the second-
harmonic reference. Therefore, the second-harmonic reference
plays a role in moving the reference wave function waveform
downward, making fvalley closer to the lower limit and fpeak
farther from the upper limit.

At the rated inductive reactive power point (ϕ = −π/2),
as shown in Fig. 3(b), the peak and valley of the
fundamental-frequency reference correspond with the peak of
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the second-harmonic reference. Therefore, the second-harmonic
reference plays a role in moving the reference wave function
waveform upward, making fpeak closer to the upper limit and
fvalley farther from the lower limit.

The second-harmonic component breaks the symmetry of the
reference wave function fref(t) relative to the upper and lower
boundaries and reduces the linear modulation margin Δfmargin.
From this point of view, the second-harmonic reference gen-
erated by CCSC is unfavorable to linear modulation. This phe-
nomenon is more evident in the capacitive reactive power region
because the required ac voltage output is higher in this region
and the linear modulation margin is lower. The decreased value
of fvalley caused by the second-harmonic reference makes it
more likely to break the lower boundary constraint for linear
modulation in this region.

C. 4-D Nonlinear Equations for Solving the Exact Reference
for a Given Operating Point

The key to assessing the linear modulation for a given oper-
ating point is how to obtain the exact values of Mref1, δref1,
Mref2, and δref2 for calculating fpeak and fvalley. According
to the above-presented analytical model considering the CVR
effect and CCSC, a set of four-dimensional (4-D) simultaneous
equations is proposed to solve the exact values of Mref1, δref1,
Mref2, and δref2 in this article.

As shown in the equivalent circuit in Fig. 1(b), the required
ac voltage output Mconv1�δconv1 for a given operating point
(i.e., for the given active and reactive power) is certain and
can be directly obtained using (1)–(3). In this article, deviation
occurred between the actual ac voltage output and the reference.
Accordingly, the reference wave must be adjusted to ensure that
the actual ac voltage output shown in (27) is equal to the required
ac voltage output Mconv1�δconv1. If these two phasors are equal,
the real and imaginary parts of the two phasors should be equal,
respectively [23], [24]. Then, the following equations can be
obtained by substituting (28) into (27):⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
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∗
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∗
ac(8− 3M2

ref1) sin(ϕ+ δref1) cos δref1
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∗
ac(8− 3M2
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−4c1M

3
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∗
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∗
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3 +M2
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sinϕ

Mconv1 sin δconv1 = Mref1 sin δref1 + 12c1Mref1kcirI
∗
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(θcir − δref1)
+c1I

∗
ac(8− 3M2

ref1) sin(ϕ+ δref1) sin δref1
+c1I

∗
ac(8− 3M2

ref1) cos(ϕ+ δref1) cos δref1
−4c1M

3
ref1kcirI

∗
ac cos(2δref1 − θcir) sin δref1

+c1I
∗
acMref2

[
− 4Mref2

3 +M2
ref1 sin (2δref1 − δref2)

]
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.

(30)

Mref1, δref1, Mref2, and δref2 are the four unknown variables
to be solved in (30). Another two equations are needed to solve
these four unknown variables. Equation (29) describes the re-
quired values of Mref2 and δref2 when using CCSC. Accordingly,
(29) and (30) can form a simultaneous 4-D nonlinear equations.

Fig. 4. PQ diagram of MMC.

In any given operating point, the exact values of Mref1, δref1,
Mref2, and δref2 can be obtained by solving the 4-D nonlinear
equations. Then, fpeak and fvalley can be calculated, and the linear
modulation of this operating point can be judged according to
(12) and (13).

IV. LINEAR MODULATION RANGE AND ITS EFFECTS ON THE

PARAMETER DESIGN AND OPERATING CHARACTERISTICS

A. WOR-LM

A key design consideration of the parameters of the MMC
is that all possible operating points should satisfy linear mod-
ulation. The operating region of MMC can be described using
the PQ diagram, as shown in Fig. 4. The figure demonstrates
that the active and reactive power are expressed in per-unit
normalized by the rated active power. In real applications, the
required reactive power capability needs not be extremely high
as the rated active power. Accordingly, the maximum reactive
power of the PQ diagram, which is denoted using Qmax, can
vary according to the grid requirement. WOR-LM is defined in
this article as all operating points within the whole operating
region satisfying linear modulation.

Based on the proposed linear modulation judging method for
each operating point, all the operating points along the boundary
of the PQ diagram can be scanned to check whether WOR-LM is
satisfied for the designed parameters. The flowchart for judging
WOR-LM is shown in Fig. 5. First, the designed parameters are
inputted, and the initial value of power factor angle ϕ is set as
−π. Then, the power factor angle ϕ varies from −π to π step
by step, while the per-unit ac current is set as the corresponding
value on the boundary of the PQ diagram.

At each scanned operating point, the required ac voltage
output Mconv1�δconv1 can be obtained using (1)–(3). Then, the
corresponding exact values of Mref1, δref1, Mref2, and δref2 can be
solved by using the 4-D nonlinear equations formed by (29) and
(30). The solved values of Mref1, δref1, Mref2, and δref2f can be
substituted into (10) to obtain the reference wave function fref(t).
Then, fpeak and fvalley can be obtained using (12). Subsequently,
the linear modulation of this operating point can be judged using
(13). Furthermore, the linear modulation margin Δfmargin can
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Fig. 5. Flowchart for judging WOR-LM.

also be obtained using (14) to assess the risk of overmodulation
at this operating point.

After all the operating points on the boundary of the PQ dia-
gram are scanned, the availability of the designed parameters can
be judged from the standpoint of WOR-LM. If all the scanned
operating points satisfy linear modulation, then the designed
parameters can satisfy the WOR-LM constraint. Otherwise, the
parameters need to be optimized until WOR-LM is satisfied.

A case study is used to demonstrate how the CVR effect and
CCSC influence WOR-LM. The main parameters of the case
study are listed in Table I, and the value of Qmax of the PQ
diagram is set as 1.0 p.u. Fig. 6 shows the curves of the analysis
results using the proposed judging method for WOR-LM. The
cases with and without of CCSC are both studied.

Fig. 6(a)–(e) (left column) show the analysis results of the case
when the CCSC is inactive. Fig. 6(a) compares the curves of the
reference amplitude Mref1 and the actual ac voltage amplitude
Mconv1 following the change of power factor angel ϕ along the
boundary of the given PQ diagram. Reference amplitude Mref1

differs from the actual ac output voltage Mconv1 because of the
CVR effect, and the deviation degree varies with the operating

TABLE I
KEY PARAMETERS OF THE SIMULATION MODEL

Fig. 6. Curves of the analysis results using the proposed judging method for
WOR-LM.

conditions. In the inductive operating region (i.e., whenϕ ranges
from −π to zero) shown in Fig. 6(a), the reference amplitude
Mref1 is higher than the actual ac voltage Mconv1, and the
maximum deviation occurs at the rated inductive reactive power
point (ϕ = −π/2). In the capacitive operating region (when ϕ
ranges from zero to π) shown in Fig. 6(a), reference amplitude
Mref1 is lower than the actual ac output voltage Mconv1 and the
maximum deviation occurs at the rated capacitive reactive power
point (ϕ = π/2).

Although the CVRs have opposing effects on the reference
amplitude in the capacitive and inductive regions, the CVR effect
is overall advantageous to WOR-LM because the required ac
voltage is higher in the capacitive region, whereas the CVR effect
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plays a role in decreasing the reference amplitude in this region.
This condition can also be observed from the curves of the linear
modulation margin shown in Fig. 6(e). In Fig. 6(e), a negative
region appears when the conventional method is used without
considering the CVR effect (i.e., Mref1 is ideally considered to be
Mconv1), indicating conservative judgment of overmodulation,
and the valve-side voltage has to be decreased, which results in
an uneconomical design of the MMC parameters and brings an
unnecessary increase in the cost and size. The proposed method
taking into account the CVR effect can obtain the accurate result
for judging WOR-LM and helps in selecting more reasonable
parameters.

Fig. 6(f)–(j) (right column) show the analysis results of the
case when the CCSC is active. The curves of the amplitude and
phase of the injected second-harmonic reference following the
change of the operating points are shown in Fig. 6(h) and (i). The
conclusion about the influence of the CVR effect is similar to that
of the case without CCSC. Specifically, taking into consideration
the CVR effect can yield an accurate linear modulation margin
that is larger than that obtained using the conventional method
that does not take into account the CVR effect.

The results illustrated in Fig. 6(j) also verify the conclusion
of the effect of CSCC on linear modulation. The comparison
results of the curves shown in Fig. 6(j) indicate that the linear
modulation margin is decreased when the CCSC is applied.
This finding indicates that the application of CCSC renders the
MMC susceptible to overmodulation, which is consistent with
the analysis presented in Section III-B.

B. Linear Modulation Range Defined by the Maximum
Selectable Valve-Side Voltage

The selection of the valve-side voltage of the interface trans-
former U ∗

vN is critical from the standpoint of WOR-LM. A lower
valve-side voltageU ∗

vN is beneficial to satisfy WOR-LM because
the required converter ac voltage output is equal to the sum of
the valve-side voltage and the voltage drop across the equivalent
interface inductance. However, a higher valve-side voltage is
preferable in terms of minimizing the arm current, loss, and
SM capacitance [19]. Accordingly, the rated valve-side voltage
U ∗

vN for a given rated dc-side voltage and PQ diagram can be
selected as high as possible under the premise that WOR-LM is
satisfied. This article proposes to use the maximum selectable
valve-side voltage to define the linear modulation range of an
MMC. The linear modulation range U ∗

vN_LMR is defined as the
maximum per-unit valve-side voltage under which WOR-LM
can be satisfied.

Based on the proposed WOR-LM judging method, the
flowchart for determining the linear modulation range U ∗

vN_LMR
for a given PQ diagram is shown in Fig. 7. The linear modula-
tion range is highly correlated to the maximum reactive power
capability Qmax and the equivalent interface reactance Xeq be-
cause the reactive current generates the voltage drop across the
equivalent interface reactor. Accordingly, the linear modulation
range U ∗

vN_LMR is searched for the given values of Qmax and
Xeq. First, U ∗

vN can be initialized to a low value. Subsequently,
WOR-LM is checked for this value of U ∗

vN using the flowchart

Fig. 7. Flowchart for searching the linear modulation range U∗
vN_LMR.

Fig. 8. Curves of the linear modulation range following the change of Qmax

for the various cases.

shown in Fig. 5. If WOR-LM is satisfied, then a higher value
U ∗

vN is possible, and U ∗
vN is increased by a step to check the

WOR-LM again. The process is repeated until U ∗
vN is increased

to a value that cannot satisfy WOR-LM. Thereafter, the linear
modulation range U ∗

vN_LMR can be determined as the maximum
U ∗

vN that can satisfy WOR-LM.
Fig. 8 illustrates the curves of the calculated results of the

linear modulation range U ∗
vN_LMR following the change of Qmax

under various cases, such as whether the CVR effect is taken
into account and whether CCSC is applied, whereas Xeq is set
as 0.25 p.u.

In each case, the linear modulation range U ∗
vN_LMR decreases

with the increase in Qmax because the higher capacitive reactive
power requirement increases the required amplitude of the ac
voltage output. Therefore, a reasonable setting of the maximum
reactive power capability can help in increasing the linear mod-
ulation range.

Based on the comparison of the cases of whether or not taking
into account the CVR effect shown in Fig. 8, the conventional
method, which does not take into account the CVR effect, will
yield a lower linear modulation range, which is inaccurate and
results in higher arm current, loss, and SM capacitance. An
accurate linear modulation range may be obtained by taking
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Fig. 9. Comparison results for various cases when Qmax = 1.0 p.u.: (a) arm
current (rms) and (b) energy storage requirement.

into account the CVR effect, thereby reducing the arm current,
loss, and SM capacitance.

According to the comparison of the curves of whether the
CCSC is active or not, as shown in Fig. 8, CCSC decreases
the linear modulation range, which is consistent with the above
presented analysis. When evaluating the effects of CCSC on the
MMC parameters and operating characteristics, its impacts on
the linear modulation range should be taken into account, which
will be analyzed in detail in the following section.

C. Effect Analysis of the Linear Modulation Range on the
Parameter Design and Operating Characteristics

In a given rated power, the higher the valve-side voltage
U ∗

vN, the lower the arm current, loss, and SM capacitance. This
section demonstrates how the CVR effect and CCSC influence
the converter parameter design and operating characteristics
from the view point of linear modulation range using the case
study shown in Table I. The normalized energy storage Enom,
which is defined in Appendix, is used to indicate the total SM
capacitance usage of an MMC. When determining the energy
storage requirement in the case study, the upper limit of the
capacitor voltage peak is set as 1.1 p.u.

Fig. 9 depicts the curves of the arm current and normalized
energy storage requirement varying with U ∗

vN when Qmax =
1.0 p.u. First, the case without CCSC is analyzed. The linear
modulation range U ∗

vN_LMR is judged as only 0.8 p.u when using
the conventional method that does not take into account the CVR
effect. However, this result is an underestimated value. When
taking into account the CVR effect, U ∗

vN_LMR can actually reach
0.85 p.u. Specifically, the valve-side voltage can be increased
by 6.3% when considering the CVR effect in this example.
Accordingly, the rated rms arm current can be decreased from
2156 to 2055 A (i.e., a 4.7% reduction), as illustrated in Fig. 9(a).
This notion means a corresponding reduction of the current
stress and power loss when taking into account the CVR effect.

Furthermore, the energy storage requirement Enom also de-
creases with the increase in the valve-side voltage. This is partly
due to the decreased arm current caused by the increased valve-
side voltage. Another reason is that increasing the modulation
index also directly decreases the energy variation in the arm
according to the nonlinear relationship between them, which
have been well reported in existing literature [12]. In Fig. 9, when
the CVR effect is not taken into account, the linear modulation
range is underestimated as 0.8 p.u. and the calculated result
of Enom is 47.2 kJ/MVA. However, the valve-side voltage can
be properly selected as 0.85 p.u. when using the proposed
methodology that takes into account the CVR effect. Thus, the
energy storage requirement Enom can be decreased from 47.2 to
45.1 kJ/MVA (i.e., a 4.4% reduction), as shown in Fig. 9(b).

The influence of the CCSC on the MMC parameter design
and operating characteristics is also reconsidered in this article.
The application of CCSC can help in reducing the arm cur-
rent and energy storage requirement because it can eliminate
the second-harmonic component in the arm current and reduce
the energy variation in the arm. This conclusion is true under
the premise that the employed values of U ∗

vN are the same when
applying and not applying CCSC. However, the application of
CCSC will result in the reduction of the linear modulation range.
Accordingly, the maximum selectable values of U ∗

vN for the
cases with and without CCSC are different. In Fig. 9, the linear
modulation range U ∗

vN_LMR is 0.85 p.u., and the corresponding
rated arm current and energy storage requirement are 2055 A
and 45.1 kJ/MVA, respectively, when the CCSC is not applied.
When the CCSC is applied, the linear modulation rangeU ∗

vN_LMR
is only 0.79 p.u., and the corresponding rated arm current and
ESR are 2136 A and 46.3 kJ/MVA, respectively, which are
even slightly higher than those when the CCSC is inactive.
This finding is different from the conventional understanding
about the effect of CCSC on the arm current and energy storage
requirement because the influence of the CCSC on the linear
modulation range is not considered in the conventional method-
ology. This finding indicates that the effect of CSCC should be
reconsidered from the viewpoint of linear modulation range.

An example case of Qmax = 0.5 p.u. is also studied, and
the results are shown in Fig. 10. The main conclusions of the
influence of the CVR effect and CCSC on the linear modulation
range and the arm current and energy storage requirement are
similar to those shown in Fig. 9. As shown in Fig. 10, when the
CCSC is applied, the arm current and energy storage requirement
are lower than those when the CCSC is inactive for the case of
Qmax = 0.5 p.u. However, the decline is still not as significant as
estimated using the conventional methodology that does not take
into account the influence of the CCSC on the linear modulation
range.

V. SIMULATION AND EXPERIMENT

A. Simulation Results

The simulation model of an MMC system is established using
MATLAB/Simulink. The key parameters of the simulated MMC
are listed in Table I. In the simulation, the MMC operates under
active and reactive power control modes, and the dc voltage is
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Fig. 10. Comparison results for various cases when Qmax = 0.5 p.u.: (a) arm
current (rms) and (b) energy storage requirement.

Fig. 11. Comparison of the simulated and theoretical results for the amplitudes
of the actual AC voltage output and reference following the change of operating
points along the boundary of the PQ diagram (Qmax = 1.0 p.u., without CCSC).

kept as its rated value of 400 kV. The PQ diagram of the MMC
is shown as Fig. 4, where Qmax is set as1.0 p.u.

In the case without CCSC, the valve-side voltage U ∗
vN is set

as U ∗
vN_LMR = 0.85 p.u., and the normalized energy storage is

designed as Enom = 45.1 kJ/MVA (Cd = 23.5 mF) in accordance
with Fig. 9. The simulated results for various operating points
are compared with the corresponding theoretical results to ver-
ify the correctness of the analytical model. In the simulation,
the operating points for the ϕ-varying step by π/12 along the
boundary of the PQ diagram are simulated. The simulated and
analytically calculated amplitude of the fundamental-frequency
reference wave varying with operating points are illustrated in
Fig. 11. The comparison results have shown that the theoretical
and simulated results fit well.

The linear modulation condition is more critical in the capac-
itive operating region, especially at the rated capacitive reactive
power point, because the MMC is required to generate a higher
ac voltage when outputting capacitive reactive power. The results
shown in Fig. 11 also verify that the CVR effect plays a role in
increasing the ac voltage output capability in the capacitive op-
erating range. Although the actual ac voltage amplitude is larger
than 1.0 in the shadowed area, the reference amplitude is still
below 1.0, and the MMC is actually still in a linear modulation

status due to the CVR effect. If the CVR effect is not taken
into account and the reference voltage is simply considered the
same with the actual ac voltage output, then it will be misjudged
that overmodulation occurs in the shadowed area. Therefore,
taking into account the CVR effect can help in fully utilizing
the ac voltage output capability, which is underestimated in the
conventional methodology without considering the CVR effect.

Fig. 12 illustrates the detailed waveforms of the simulation for
several typical operating conditions when the CCSC is inactive.
First, obvious deviations can be observed between the wave-
forms of the actual ac voltage output u∗

conv1 and the reference
u∗

ref1. At the active power operating conditions, such asϕ= 0 and
ϕ=−π, the deviation is mainly reflected in the phase difference,
and the amplitude difference is minor. At the reactive power op-
erating conditions, such as ϕ=−π/2 and ϕ= π/2, the deviation
is mainly reflected in the amplitude difference and affects linear
modulation. Although the amplitude of the ac voltage output is
beyond 1.0 p.u. when the MMC is required to output the rated
capacitive reactive power, the reference amplitude is still below
1.0 p.u., and the linear modulation condition is still satisfied,
as illustrated in Fig. 12(d). This finding verifies that the CVR
effect can improve the ac voltage output capability at capacitive
reactive operating conditions.

Fig. 13 illustrates the detailed waveforms of the simulation
for several typical operating conditions when the CCSC is
activated. In this case, the valve-side voltage U ∗

vN is set as
U ∗

vN_LMR = 0.79 p.u., and the energy storage is designed as
Enom = 46.3 kJ/MVA (Cd = 24.1 mF) in accordance with
Fig. 9. The simulation results show that the MMC with CCSC
has similar CVR effects with that in the case without CCSC.
Besides the CVR effects, the generated second-harmonic refer-
ence component also affects the peak and valley values of the
reference wave function and the linear modulation condition. In
Fig. 13(d), the peak and valley of the fundamental-frequency
reference correspond with the valley of the second-harmonic
reference at the rated capacitive reactive power point (ϕ= π/2).
Thus, fvalley becomes closer to the lower limit and reduces the
linear modulation margin.

B. Experimental Results

An MMC prototype was built to verify the proposed theory.
The ac-side of the MMC was connected to a four-quadrant
regenerative ac power source, and the dc-side of the MMC was
connected to a programmable bidirectional dc power supply. The
main parameters of the prototype are listed in Table II. The main
component parameters are not changed with the operating modes
because the component parameters of the MMC prototype can-
not be flexibly adjusted once the MMC prototype is built. All
the experiments were conducted under the same SM capacitance
and valve-side ac voltage. This section focuses on whether the
experimental results are consistent with the theoretical analysis.
Experiments for the various operating conditions have been
performed, and the experimental results are consistent with the
theoretical analysis. The experimental results when outputting
the rated capacitive reactive power and active power are selected
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Fig. 12. Simulated waveforms for several typical operating conditions when CCSC is not applied (U∗
vN = 0.85, Qmax = 1.0 p.u.). (a) ϕ= -π. (b) ϕ= -π/2. (c)

ϕ = 0. (d) ϕ = π/2.

Fig. 13. Simulated waveforms for several typical operating conditions when CCSC is applied (U∗
vN = 0.79, Qmax = 1.0 p.u.). (a) ϕ = -π. (b) ϕ = -π/2. (c) ϕ

= 0. (d) ϕ = π/2.

TABLE II
KEY PARAMETERS OF THE EXPERIMENTAL SETUP

to be illustrated in Figs. 14–17 due to the page limitation. The
waveform of the fundamental-frequency ac voltage uconv1 is
extracted from the measured waveform of the ac voltage output
because the number of levels of the MMC prototype is low, and
the ac voltage output still contains considerable high-frequency
harmonics.

Figs. 14 and 15 illustrate the experimental waveforms when
outputting a 4 kVar capacitive reactive power (ϕ= π/2) without
and with CCSC, respectively. In Fig. 14(a), the amplitude of
uconv1 is larger than that of uref1 under capacitive reactive power
operating condition, which is consistent with the theoretical

analysis and the simulation results. In this experiment, the
amplitude of uconv1 is already higher than 150 V (i.e., UdcN/2),
indicating that Mconv1 has exceeded 1.0. However, the peak
and valley values of the reference wave function fref(t) are still
within the upper and lower boundaries due to the CVR effect, as
illustrated in Fig. 14(c), and linear modulation is still satisfied.
Specifically, if the CVR effect is not taken into account, then
valve-side voltage UvN cannot be selected as high as that in this
experiment.

Fig. 15 shows the results when CCSC is applied. In Fig. 15(a),
the phenomenon of the deviation between the actual ac voltage
output uconv1 and the reference uref1 is similar to that when
CCSC is inactive. In Fig. 15(b), the second-harmonic circulating
component is eliminated from the arm currents. However, the
second-harmonic reference generated by the CCSC distorts the
waveform of the reference wave function fref(t) and decreases
the valley value of fref(t), as illustrated in Fig. 15(c). Fig. 15(c)
demonstrates that the valley value of fref(t) has decreased below
zero, which is the lower boundary of linear modulation for an
HB-MMC. Specifically, overmodulation already occurred in this
experiment for an HB-MMC. This phenomenon indicates that
the valve-side ac voltage for the case with CCSC cannot be
designed as high as that in the case without CCSC. However,
if the valve-side voltage is decreased, then the arm current will
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Fig. 14. Experimental waveform of capacitive mode without CCSC.

Fig. 15. Experimental waveform of capacitive mode with CCSC.

increase, resulting in the increase in the loss and energy variation
in the arm. This experimental phenomenon is consistent to the
theoretical analysis.

Figs. 16 and 17 illustrate the experimental waveforms when
the MMC absorbs an active power of 4 kW (ϕ = −π) without
and with CCSC. The CVR effect is mainly reflected in the
phase difference between the actual ac voltage output uconv1
and the reference uref1. The second-harmonic reference also has
a minor influence on the peak and valley values of the reference
wave function because the zero points of the second-harmonic
reference correspond to the peak and valley points of the

Fig. 16. Experimental waveform of the rectifier mode without CCSC.

Fig. 17. Experimental waveform of the rectifier mode with CCSC.

fundamental-frequency reference under active power operating
condition. Therefore, the CVR effect and CCSC have a minor
influence on linear modulation under active power operating
condition, which is consistent with the theoretical result.

VI. CONCLUSION

In this article, the linear modulation range of MMC and its
influence on the parameter design and operating characteristics
are reconsidered by taking into account the CVR effect and
CCSC. The CVRs cause the deviation between the amplitudes
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of the reference wave and the actual ac voltage output and
affect linear modulation. Although the deviation degree varies
with the operating conditions, the linear modulation range must
be increased because the CVR effect plays a role in increas-
ing the actual ac voltage output under capacitive operating
conditions, under which the required ac voltage amplitude is
higher. Furthermore, the second-harmonic reference generated
by the CCSC is unfavorable to linear modulation because it
distorts the reference wave and makes the peak and valley value
of the reference closer to the upper or lower boundary of linear
modulation. Based on the analysis, a set of 4-D equations are
determined to solve the exact reference wave taking into account
the CVR effect and CCSC, which provides an effective way
to exactly judge the linear modulation for any given operating
point. Given that the parameter design should consider WOR-
LM, this article proposes to define the linear modulation range of
MMC using the maximum selectable valve-side voltage that can
satisfy WOR-LM. The methodology for exactly determining the
linear modulation range of MMC is also proposed. The analysis
for the case studies shows that the exact linear modulation
range can be obtained by taking into account the CVR effect,
which is underestimated in the conventional methodology that
does not take such an effect into account. Accordingly, the arm
current, loss, and energy storage requirement can be reduced
when taking into account the CVR effect compared with the
conventional methodology. The analysis results also show that
the CCSC will reduce the linear modulation range. Although
the CCSC can eliminate the second-harmonic component in
the arm current, the fundamental-frequency arm current will be
increased because the maximum selectable valve-side ac voltage
is decreased. Therefore, the effect of CCSC on reducing the
arm current, loss, and energy storage requirements may not be
so strong as that conventionally believed. The proposed theory
and method are verified using simulation and experimental
results.

APPENDIX

The coefficient c1 is calculated as follows:

c1 =
1

8U ∗
vNωEnom

(A1)

and Enom is the normalized nominal energy storage expressed
as follows:

Enom =
1
2CdU

2
capN ×N × 6

SN
. (A2)

According to the steady-state model in [15], if the CCSC is
inactive (Mref2 = 0), then the amplitude and phase of the second-
harmonic circulating current can be expressed as follows:

kcir

=
Mref1

√
cos2 (ϕ+ δref1) (3−M2

ref1)
2
+ [3 sin (ϕ+ δref1)]

2

X∗
armU

∗
vN

c1
− 4− 8M2

ref1

3

(A3)

θcir = arctan

× [
cos (ϕ+ δref1)

(
3−M2

ref1

)
, 3 sin (ϕ+ δref1)

]
+ 2δref1.

(A4)
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